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The rapid sintering process of a steel paste (steel powder and polyvinylpyrrolidone binder 
mixture) onto the interior of an existing pipeline will provide structural reinforcement to 
natural gas pipelines, thus enabling pipeline rehabilitation. Methods currently exist for 
sintering metal powders. However, metal powder sintering within a pipeline is not typically 
addressed. The goal of this study was to develop a model to determine the optimal applied 
power and sintering time for a rapid sintering process of steel paste within 30 seconds. A 
two-dimensional transient, axisymmetric model simulated the sequential sintering of steel 
paste onto the interior of a 30-centimeter (O.D.) by 5-meter steel pipe, with nitrogen gas as 
the cooling agent. The steel paste exceeded the minimum target temperature of 1400 °C. 
However, full sintering within 30 seconds was unachievable. Further work on identifying 
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Chapter 1: Introduction 
 
1.1. Background on REPAIR 
The system of interest is a natural gas pipe, as described in the REPAIR (Rapid 
Encapsulation of Pipelines Avoiding Intensive Replacement) program, which is a program 
of the U.S. Department of Energy’s Advanced Research Projects Agency-Energy (ARPA-
E) organization that was initiated in 2020.[1] The goal of REPAIR is to reduce the cost of 
natural gas distribution pipeline replacement from $1 – 10 million per mile to $500k – $1 
million per mile by utilizing pipe-in-pipe coating technology to rehabilitate existing 
pipelines.[1] In addition to cost reduction, rehabilitation solves the issue of repairing 
pipelines that are not easily accessible. The typical pipeline replacement process involves 
the excavation of the existing pipelines and the restoration of the surrounding land, which 
account for a large fraction of the replacement cost.[1] Excavation and restoration can be 
difficult to perform in highly congested areas and inconvenient locations, such as natural 
gas pipes located under major roads.[2] Rehabilitation will eliminate these difficulties. 
 
To rehabilitate pipes, a new pipe will be constructed inside of the original pipe at a 
target rate of 15 m/hr.[3], such that the original pipe no longer has to be relied on for 
structural support.[1] Using the appropriate tools, a structural coating (which may be a 
composite or a single material, such as the steel that is a focus of this thesis) will be 
deposited onto the interior of the original pipe, and this coating may or may not bind to the 





is covered in rust or other contaminants. The coating thickness must be relatively thin so 
that the inner diameter of the pipe is not significantly decreased. A very thick coating could 
reduce the delivery capacity of natural gas.[1] 
 
1.2. Thesis Focus 
The rapid sintering process of a steel paste (steel powder and polyvinylpyrrolidone 
binder mixture) onto the interior of an existing pipeline will provide structural 
reinforcement to natural gas pipelines, thus enabling pipeline rehabilitation. The pipe 
system addressed by the REPAIR program consists of several components and personnel 
that must coordinate for the system to be successful.[3] Within this program, there is a 
“System Components” category that is composed of robots, composites, integrity tools, 
and data visualization/management.[3] For the purpose of this study, the focus was on the 
robots and composites elements of the “System Components”. The goal of this study was 
to develop a model to determine the optimal applied power and sintering time (robot 
parameters) for a rapid sintering process of steel paste (composite) to a target temperature 
of 1400 °C within 30 seconds. The target temperature was the approximate melting point 
of the paste. A sintering time of 30 seconds or less would allow our sintering process to 
meet the target rate of 15 m/hr.[3] Additionally, this sintering time would produce a more 
energy efficient process than a higher sintering time, such as 5 minutes. The longer the 
sintering time, the more heat will be lost through conduction in the radial and axial 






1.3. Literature Review 
1.3.1. A general method to synthesize and sinter bulk ceramics in seconds 
To understand the general principles of a rapid sintering process, a recently 
published paper from the UMD Liangbing Hu group, A general method to synthesize and 
sinter bulk ceramics in seconds, was reviewed. Methods for a rapid sintering process for 
ceramic pellets currently exist, and Wang et al. concluded that radiative heating and 
conduction can be used in an Ultrafast High-Temperature Sintering (UHS) process to 
generate ceramic materials with a sintering time of 10 seconds.[4] Radiation and conduction 
were the heat transfer methods used to synthesize and sinter a ceramic pellet.[4] During this 
process, the ceramic pellet was inserted between two Joule-heating carbon strips, and these 
strips could heat to a temperature up to 3000°C by the passage of electrical current.[4] The 
UHS process consisted of 3 steps: 1) 30 second rapid heating to ramp the temperature of 
the heating element from room temperature to the desired sintering temperature, 2) 10 
second isothermal sintering, and 3) 5 seconds of rapid cooling.[4] Wang et al. also called 
attention to how the physical properties of the pellet, such as density, changed throughout 
the sintering process.[4] For instance, as the ceramic pellet sintered, it become more dense.[4] 
 
Unlike the sintering process presented in this article, heating can only occur on one 
side of the steel paste in a pipe environment as opposed to both sides. A heating element 
can only be placed on the paste surface facing the interior of the pipe. Given that heating 
only occurs on one side, the sintering time may have to be increased from the suggested 10 
seconds to compensate for the lack of a heating element on both sides of the sample. 





gradients within the paste. While the general UHS process (raising the temperature of the 
heating element to a specific temperature, sintering, and cooling) was applicable to our 
study, some modifications were required. Since sintering within a pipe occurs in a closed 
environment, heat cannot easily dissipate into the surroundings. This raises the concern of 
the interior of the pipe reaching a very high temperature, which could potentially damage 
any inline robotic tools and present safety and environmental concerns. Therefore, a 
cooling step would have to be consistently applied throughout the UHS. Similar to this 
article, changes in thermal and physical properties as a function of temperature for the paste 
layer should be taken into consideration. While the rapid sintering process was addressed, 
rapid sintering within a pipeline environment with a metal composite was not addressed in 
this article. However, the general UHS process was applicable to our study. 
 
1.3.2. Supplementary Materials for a general method to synthesize and sinter bulk 
ceramics in seconds 
Supplementary material for the aforementioned journal was evaluated to gain 
additional knowledge on the UHS process for ceramic pellets. One primary area of interest 
within the supplementary material was the numerical model for temperature distribution in 
the ceramic pellet during heating.[5] In this model, the focus was on a 1 mm thick ceramic 
pellet.[5] The temperature of carbon heaters linearly increased from 22 ℃ to 2000 ℃ in 10 
or 30 seconds.[5] A 10 second temperature hold at 2,000 ℃ followed the temperature 
ramping.[5] In addition to these parameters, material properties such as specific heat 





the model.[5] Based on the results generated from the model, a more uniform temperature 
distribution in the pellet could be achieved by slowly ramping the heat for 30 seconds.[5] 
 
Several parameters and conditions from the numerical model should be 
incorporated into our model. A steel paste layer of 1 mm was determined to be a suitable 
starting point for thickness. Our model should also utilize a method to heat and hold the 
temperature for a desired amount of time, and the effects of radiation should be considered 
in the form of absorbance and reflectance. Regarding the steel paste, some heat will be 
absorbed at the boundary (absorbance), some heat will pass through the paste 
(transmittance), and some heat will radiate back from the surface (reflectance). From the 
numerical model results, it appears that there is a trade-off between sintering time and the 
uniformity of temperature distribution. While rapid sintering may be desirable from a 
scheduling perspective, the rapid nature of the sintering process may have to be sacrificed 
to achieve a more uniform layer.  
 
1.3.3. Rapid Synthesis and Sintering of Metals from Powders 
To understand the Ultrafast High-Temperature Sintering (UHS) process within the 
context of metal powders, which was the material of interest within our study, Rapid 
Synthesis and Sintering of Metals from Powders[6] was reviewed. In addition to rapid 
sintering methods for ceramic pellets, methods for a rapid sintering process are also 
available for metal powders. Wang et al. determined that an UHS process could also be 
used to sinter metal powders that have been pressed into pellets in a matter of seconds with 





ceramic pellets, two Joule-heating carbon heaters were used in a 3 step process to raise the 
temperature of the heating element to a specific temperature, sinter the metal pellet, and 
finally cool the metal pellet.[6] It is important to note that the metal powders do not have to 
be completely melted for the UHS process to be effective. Wang et al. demonstrated that 
UHS was effective on metals with very high melting points (greater than 2000 °C) as well 
as powders that contained components with varying melting points.[6] The results indicate 
that the sintering temperature can be lower than the melting point of the powder. Within 
this sintering process, the controlled parameters were sintering time and the target sintering 
temperature.[6] 
 
In our model, the parameters of interest should be closely related to sintering time 
and temperature. Additionally, the heating element must reach a very high temperature, but 
this temperature does not have to exceed the melting point of steel. The same concerns 
from UHS with ceramic pellets, such as extended sintering time due to heating on one side 
of the paste and the risk of overheating the interior of the pipe, were still present in metal 
paste sintering. While the rapid sintering process and the use of a metal powder was 
addressed, rapid sintering within a pipeline environment was not discussed in this article. 







1.3.4. Additional References 
In addition to the references that were discussed above in detail, other relevant work 
has focused on the general challenges and approaches to pipeline rehabilitation[7], [8], [9], [10] 












Chapter 2: Methodology 
 
2.1. Model Overview 
To achieve structural reinforcement, we considered a 3 mm layer of steel paste 
sintered to the interior of the existing steel pipe. Due to the low thermal conductivity of the 
steel paste, a layered approach was used to ensure that the paste was fully sintered. One 
layer of paste will be sintered 1 mm at a time, with a final thickness of 3 mm. This study 
focused on analyzing the sintering process of the initial 1mm layer of paste that was 
sintered onto the interior of the pipe, which is described below in Figure 2.1-1. Figure 2.1-
1.a below illustrates the initial and final states of the paste during the sintering process with 
the associated target temperature (1400 °C) and target sintering time (30 s). Figure 2.1-1.b 
below depicts the final sintered product (new steel pipe) onto the interior of the existing 
pipe (old pipe). A two-dimensional transient axisymmetric model was developed in 
COMSOL to simulate the sequential sintering of steel paste onto the interior of a 30-
centimeter (O.D.) by 5-meter steel pipe, with nitrogen gas as the cooling agent. Nitrogen 
could be introduced to the pipe via on-site nitrogen gas cylinders, as sintering with natural 
gas in the pipe could pose safety concerns.  A sequential heating method was meant to 
mimic the sintering process of a robotic system. Transient heating occurred in sections 
axially along the inner surface area of the pipe. The model was then solved using the Finite 






Figure 2.1-1: Overview of the sintering process. (a) Transition from the initial to the final state of 
the sintering process with the target sintering temperature (1400 °C) and target sintering time (30 
s). (b) Final sintered product (new steel pipe) on the interior of the existing pipe (old pipe). Please 
note that this figure was adapted from the figure on slide 2 of a presentation that was delivered by 
the Liangbing Hu Group from the University of Maryland, College Park.[15] 
 
Sintering could potentially occur through two different scenarios: 1) Boundary 
Heating and 2) Radiative Heating. Preliminary findings suggest that radiative heating 
requires a longer sintering time compared to boundary heating. Although boundary heating 
occurs more quickly, it may be advantageous to use radiative heating to avoid direct contact 
between the heating element and the paste layer. Complete surface to surface contact may 
be difficult if the existing pipes are not thoroughly cleaned and free of rust and debris 
before the sintering process begins. However, given a lack of information on the radiative 
properties of the paste, such as emissivity, and the proper orientation of the heater, radiative 
heating was not considered. As a result, this study focused on the boundary heating 
scenario, with conduction and convection as the primary methods of heat transfer. 
Conduction occurred when heat was transferred from the boundary heat source to the paste 
layer and then into the pipe and surrounding soil. Convection occurred when heat was 






Figure 2.1-2 below summarizes the geometric parameters, materials, and heat 
transfer equations that were used in the model. All geometric parameters are defined below 
in Table 2.3.1-1, all materials are defined below in Table 2.3.2-1, and all heat transfer 
equations are defined below in Table 2.3.3-3. 
 
Figure 2.1-2: Summary of the geometric parameters, materials, and heat transfer mechanisms of 
the pipeline environment. All geometric parameters are defined below in Table 2.3.1-1, all 
materials are defined below in Table 2.3.2-1, and all heat transfer equations are defined below in 
Table 2.3.3-3 
 
2.2. Assumptions & Definitions 
A two-dimensional transient axisymmetric model was developed in COMSOL with the 
following assumptions and conditions: 
• The flow of natural gas in the pipe was shut off during sintering. 
• Nitrogen gas acted as a cooling agent and constantly flowed through the pipe at 1 m/s 





profile) with a single velocity component in the axial direction. Heat could diffuse to 
the center of the nitrogen gas, but there was no gas expansion. 
• A heater was defined as a section of paste along the nitrogen gas/paste boundary where 
power was applied. The heater covered 𝜃 = 0 to 2𝜋 for the specified axial length. 
• Each heater only had two positions: 1) “on” and 2) “off”. When the heater was “on”, a 
given number of kW (applied power) was constantly generated by the heater. When the 
heater was “off”, the applied power was set to 0 kW. 
• Applied power was defined as the amount of power (in kW) that was constantly 
generated by the heater when it was in the “on” position. The total applied power was 
defined as the sum of power applied at the nitrogen gas/paste boundary and the power 
applied throughout the paste. 
• Sintering time was defined as the length of time (in seconds) that a heater was 
generating power. 
• Heat was equally absorbed at the surface of the paste facing the interior of the pipe 
(nitrogen gas/paste boundary) and transmitted through the paste. Therefore, absorbance 
and transmittance were both 50%.  We emphasize this is an important assumption and 
that when more empirical data is available that allows a more accurate determination 
of the actual ratio, the model should be updated. 
• The steel paste was a porous metal paste (constant porosity of 20%) that consisted of 






• Data on the density (𝜌), heat capacity (Cp), and latent heat for SS316 as a function of 
temperature was retrieved from the Wei Xiong Group at the University of Pittsburgh, 
College Park. See Appx. A.1, A.2, and A.4 for tabulated values. 
• The material properties of PVP remained constant throughout the sintering process. 
• The heat capacity of the paste was 97% (wt%) of 𝐶𝑝+,--.(𝑇) and 3% (wt%) of 𝐶𝑝232. 
• The density of the paste was 97% (wt%)  𝜌+,--.(𝑇) and 3% (wt%) 𝜌232. 
• A phase change occurred in the paste layer from 1300 °C to 1425 °C to simulate a 
porous to solid phase transformation. This range was determined from the solid fraction 
graph in Appx. A.3. 
 
2.3. Model Set-Up 
2.3.1. Geometry 
The natural gas pipeline environment was represented by four distinct rectangular 
domains within a two-dimensional axisymmetric model in COMSOL. Beginning on the 
left side of Figure 2.3.1-1.b, the four domains are: 1) Nitrogen Gas (yellow), 2) Paste 
(pink), 3) Original Pipe (green), and 4) Soil (grey). Figure 2.3.1-1.b shows a high-






Figure 2.3.1-1: Geometry overview with Nitrogen Gas (yellow), Paste (pink), Original Pipe 
(green), and Soil (grey). (a) Overview of the geometry for all domains. (b) High resolution image 
for the area boxed in red from image (a). 
 
All parameters required to establish the geometry of the model are shown below in 










Expression Unit Parameter Description 
r0 0 N/A Initial r position of the gas domain 
z0 0 N/A Initial z position of the gas domain 
L 5 m Total length of the pipe 
Ro 15 cm Outer pipe radius 
rt 1 cm Thickness of the pipe 
Rs 1.5 m Distance from the center of the pipe to the edge of the soil 
Lh 15 cm Length of each heater 
pt 0.1 cm Paste thickness 
H0 L/2 cm Axial location of the first heater 
High_m 1 mm Thickness of each high-resolution region for meshing 
 
This geometry set-up represented a steel pipeline that was located underground 
beneath a layer of soil with nitrogen gas flowing through the interior of the pipe. A steel 
paste layer was added onto the interior of the pipe. This paste layer was equally divided 
into 10 sections such that each section could be sintered individually. Each section was 
then assigned a separate heater with specific heat transfer mechanisms (described below in 
2.3.3. Heat Transfer Mechanisms), resulting in a total of 10 heaters. The center of the first 
section began at 2.5 m (axially) in the pipe. Given that most of the heat transfer occurred 
near the paste layer, it was determined that a higher resolution of mesh would be required 
in that region in order to properly resolve steep thermal gradients. The high-resolution 





paste. These 1 mm thick rectangles were added in 1 mm increments 1 cm into the nitrogen 
gas domain from the nitrogen gas/paste boundary and 1 mm into the pipe domain from the 
paste/pipe boundary. As a result, there was a 10 by 10 array (1.5 m by 1 cm) of a high-
resolution area in the nitrogen gas and a 10 by 1 array (1.5 m by 1 mm) of a high-resolution 
area in the pipe. 
 
2.3.2. Materials and Material Properties 
Each domain (nitrogen gas, paste, original pipe, and soil) was represented with a 
different material, which is depicted below in Table 2.3.2-1. Each material required the 
thermal conductivity, specific heat capacity, density, and ratio of specific heats to be 
specified. Some materials, such as Nitrogen Gas and Steel AISI 4340, were predefined 

































- vz = 1 m/s 
- vr = 0 m/s 
- Pabs =  













- 97% (wt%) 
  SS316     
- 3% (wt%)  
  PVP 
- Porosity = 



















- MW =  
  0.054   
  kg/mol[8] 
15[18] 𝐶𝑝+,--.(𝑇) (Appx. A.2) 
𝜌+,--.(𝑇)  
(Appx. A.1) N/A 
PVP N/A 1542[19] 1200[20] N/A 















2.3.3. Heat Transfer Mechanisms  
“Heat Transfer in Solids and Fluids” was the primary heat transfer module used in 
COMSOL. All domains began at an initial temperature of 10 ℃ (a reasonable ground 
temperature), and axial symmetry existed at the center of the pipe. Through conduction, 
heat transfer occurred in the solid domains (pipe and soil). In the fluid domain (nitrogen 
gas), convection caused heat to transfer from the hot paste to the nitrogen gas, which flowed 
axially at 1 m/s. A thin layer was applied to the pipe/soil boundary to account for the drastic 
difference in the material properties of the pipe and soil domains as well as to ensure 
continuity between the two domains. A nonlayered shell with a thickness of 10-4 m and a 
thermally thin approximation was applied to the thin layer. The material properties of the 
thin layer were the same properties as those of the pipe domain. Furthermore, thermal 
insulation existed on the edges of the model, and an edge was represented as a line that 
passed through a set of (r, z) coordinates. The following sets of coordinates (with units of 
meters) represented the edges where thermal insulation was defined in the model: (0,0) to 
(1.5, 0), (1.5,0) to (1.5, 5), and (1.5, 5) to (0, 5). 
 
The “Porous Medium” module was used to define heat transfer within the paste, 
which was a porous domain. The porous matrix utilized the material properties of the paste. 
A phase change occurred in the fluid of the porous medium from 1300 °C to 1425 °C to 
more accurately represent the sintering process. In reality, the porous paste layer would 
transition to a solid layer during sintering. To simulate this transition, the thermal 
conductivity of the paste transitioned from the initial paste thermal conductivity (1.42 





density of the paste changed accordingly as a function of temperature throughout the 1300 
°C to 1425 °C phase change interval. The latent heat as a function of temperature (Appx. 
A.3) was also incorporated into the phase change. 
 
To account for absorbance and transmittance within the paste layer, two separate 
heat sources were used: 1) Boundary Heat Source and 2) Domain Heat Source. To mimic 
50% absorbance and 50% transmittance, heat was equally absorbed at the nitrogen 
gas/paste boundary (boundary heat source) and transmitted via a volumetric heat source 
with uniform heat generation throughout the paste layer (domain heat source) . Each heater 
was represented by individual sets of boundary and domain heat sources. All boundary and 
domain heat sources only consisted of two states: 1) “on” and 2) “off”. When a heater was 
turned on, a constant power was applied to increase the temperature of the boundary and 
domain. When the heater was turned off, the power applied to the boundary and domain 
was switched to 0 kW. Boolean expressions were used to assign a heat rate to the boundary 
and domain of each heater to simulate the sequential heating of the paste layer in the axial 
direction. The Boolean expressions allowed for a heat rate to be applied for a given 
sintering time during a specific time interval in the simulation. All Boolean expressions are 
described below in Table 2.3.3-1. Please note that the “Equation Group #” is only used to 
organize the equations in this thesis. All variables used in Table 2.3.3-1 are described below 







Table 2.3.3-1: Boolean expressions for power used in the domain and boundary heat source 
modules. 
Equation 
Group # Heater (n) Equation(s) 
1 1 𝑃O,QRM = 𝑃S,QRM = 𝑃T ∗ (𝑡 ≥ 0	&&	𝑡 ≤ 𝑆𝑇M) + 0 ∗ ! (𝑡 ≥ 0	&&	𝑡 ≤ 𝑆𝑇M) 
2 2 
𝑃O,QR\ = 𝑃S,QR\ = 
𝑃T ∗ (𝑡 ≥ 𝑆𝑇M	&&	𝑡 ≤ 𝑆𝑇M + 𝑆𝑇\) + 0
∗ ! (𝑡 ≥ 𝑆𝑇M	&&	𝑡 ≤ 𝑆𝑇M + 𝑆𝑇\) 
3 3 – 10 
𝑃O,Q]^ = 𝑃S,Q]^ = 
𝑃T ∗ (𝑡 ≥ 𝑆𝑇M + 𝑆𝑇\ + (𝑛 − 3) ∗ 𝑆𝑇 	&&	𝑡
≤ 𝑆𝑇M + 𝑆𝑇\ + (𝑛 − 2) ∗ 𝑆𝑇 ) 
+0 ∗ ! (𝑡 ≥ 𝑆𝑇M + 𝑆𝑇\ + (𝑛 − 3) ∗ 𝑆𝑇 	&&	𝑡
≤ 𝑆𝑇M + 𝑆𝑇\ + (𝑛 − 2) ∗ 𝑆𝑇 ) 
 
Table 2.3.3-2: Summary table for all variables used in the equations in Table 2.2.3-1 above. 
Notation SI Unit Description 
𝑃O,Q W Heat rate, boundary heat source of heater n 
𝑃S,Q W Heat rate, domain heat source of heater n 
𝑃T W Constant applied power 
𝑛 dimensionless Heater number 
𝑆𝑇Q s Sintering Time for heater n 
𝑡 s Time (output time) 
&& dimensionless Boolean operator for “AND” 
! dimensionless Boolean operator for “NOT” 
 
All heat transfer mechanisms were represented through a variety of partial 
differential equations, which were solved in COMSOL with the Finite Element Method 
(FEM). All equations used during heat transfer were built into the COMOL heat transfer 
modules. Table 2.3.3-3 below summaries the heat transfer equations used to solve the 





that the “Equation Group #” is only used to organize the equations in this thesis. 
Additionally, boundary probes were defined at the nitrogen gas/paste and paste/pipe 
boundaries to determine the maximum temperatures along these boundaries as various time 
points. These temperature readings were used during parameter optimization, which is 
described below in section 3.3 Optimized Parameters. A domain probe was also defined at 
the paste domain for Heater 1 to determine the average temperature of Heater 1 at the end 
of its sintering time. This temperature reading was used in the energy efficiency 













4 D: Pipe, Soil Conduction 𝜌𝐶B
𝜕𝑇
𝜕𝑡 + ∇q = 0 
q = −k∇𝑇 





𝜕𝑡 + 𝜌𝐶B𝑢∇𝑇 + ∇q = 0 
q = −k∇𝑇 
6 B: Pipe/Soil Thin Layer −𝑛 ∙ 𝑞 = −𝑑+𝜌𝐶B
𝜕𝑇
𝜕𝑡 − ∇, ∙ 𝑑+𝑞+ 
𝑞+ = −k∇,𝑇 
7 B: Nitrogen Gas/Paste 
Boundary Heat 
Source 




8 D: Paste Domain Heat Source 




9 D: Paste Porous Media, Fluid, & Matrix 
l𝜌𝐶Bm-nn
𝜕𝑇
𝜕𝑡 + ∇𝑞 = 𝑄 
𝑞 = −𝑘-nn∇𝑇 
l𝜌𝐶Bm-nn = 𝜃+𝜌+𝐶B,+ + 𝜖B𝜌n𝐶B,n 











10 D: Paste Phase Change 














𝑘n = 𝜃M𝑘M + 𝜃\𝑘\ 
𝜃M + 𝜃\ = 1 
11 Edges of the model 
Thermal 





Table 2.3.3-4: Summary table for all variables used in the equations in Table 2.3.3-3 above. Please 
note the Notation, SI Unit, and Description were taken from the Heat Transfer Module User’s Guide 
for COMSOL Multiphysics v. 5.4.[23] 
Notation SI Unit Description 
𝜌 kg/m3 Density 
𝐶B J/(kg·K) Specific heat capacity at constant pressure 
𝑇 K Temperature 
𝑡 s Time (output time) 
q W/m2 Conductive heat flux 
Q W/m3 Heat source 
𝑢 m/s Fluid velocity vector 
∇ dimensionless Gradient operator 
𝑛 dimensionless Normal vector toward exterior 
𝑑+ m Thickness of shell or thin layer 
∇, dimensionless Tangential gradient operator 
𝑞+ W/m2 Conductive heat flux in solid phase 
𝑄O W/m2 Boundary heat source 
𝑃O W Heat rate, boundary heat source 
𝐴 m2 Total boundaries area 
𝑄S W/m3 Distributed heat source 
𝑃S W Heat rate 
𝑉 m3 Total domain volume 
l𝜌𝐶Bm-nn J/(m
3·K) Effective volumetric heat capacity at constant 
pressure 
𝜌n  kg/m3 Density, fluid phase 
𝐶B,n J/(kg·K) Specific heat capacity at constant pressure, fluid 
phase 
𝑄z-C  W/m3 Geothermal heat source 
𝑘-nn W/(m·K) Effective thermal conductivity 
𝜃+ rad Zenith angle of the Sun 
𝜌+ kg/m3 Density, solid phase 
𝐶B,+ J/(kg·K) Specific heat capacity at constant pressure, solid 
phase 
𝜖B dimensionless Porosity  
𝑘+ W/(m·K) Thermal conductivity, solid phase 
𝑘n W/(m·K) Thermal conductivity, fluid phase 
𝑘ET+B  W/(m·K) Dispersive thermal conductivity tensor 
𝜃T dimensionless Volume fraction of phase i in porous media 





𝜌T kg/m3 Density of phase i in porous media 
𝛼u dimensionless Vapor mass fraction 
𝐶B,T J/(kg·K) Specific heat capacity at constant pressure of 
phase i in porous media 
𝐿M→\ J/kg Latent heat from phase 1 to phase 2 
𝑘O W/(m·K) Dry bulk thermal conductivity 
𝜌O  kg/m3 Dry bulk density 
𝐶B,O J/(kg·K) Dry bulk heat capacity at constant pressure 
 
2.3.4. Model Meshing 
Mesh was applied to all domains to allow the model to be solved with the Finite 
Element Method (FEM).[24] As described above in section 2.3.3. Heat Transfer 
Mechanisms, partial differential equations (PDEs) were used to describe the physics of the 
model. However, these PDEs could not be solved with traditional analytical methods. 
Instead, the PDEs were approximated with discretization methods in numerical model 
equations.[24] Meshing the model defined the discretization of each domain, which allowed 
these PDE approximations to then be computed with the FEM. 
 
The nitrogen gas, paste, pipe, and soil domains were all meshed with “User 
Controlled Mesh” as the mesh sequence type. All domains used a mesh type of either 
mapped or free triangular, and the mesh specifications are described below in Table 2.3.4-






Table 2.3.4-1: Mesh specifications for all domains/boundaries with the associated mesh type, 
element size, and mesh distribution. 
    Mesh Distribution 









A = Axial 
R = Radial 
1 B: Paste/Pipe Mapped N/A Fixed Number of Elements 
A = 160 
R = 40 
(per 1 mm 
section) 
2 D: Soil Free Triangular Finer N/A N/A 






A = 1000 
(Element 












R = 40 
(per 1 mm 
section) 




of Elements A = 500 
6 D: Nitrogen  Gas, Pipe 
Free 
Triangular Fine N/A N/A 




of Elements A = 200 
 
Once the mesh had been defined for each domain and/or boundary, the mesh of the 
entire model was built, as described below in Figure 2.3.4-1. In Figure 2.3.4-1, a number 
followed by an “A” or “R” represents the direction (A = axial or R = radial) that a mesh 





means that the mesh was applied to an entire domain. Once the model mesh was built, the 
“Mesh Quality” (described below in section 3.1 Mesh Quality) was assessed and a 
“Convergence Study” (described below in section 3.2 Convergence Study Results)  was 
performed to ensure that the model produced accurate results. 
 
 
Figure 2.3.4-1: Meshing of all domains using the  following notation: B = Boundary, D = Domain, 
A = Axial, R = Radial, 1 = B: Paste/Pipe, 2 = D: Soil, 3 = B: Pipe/Soil, 4 = B: Nitrogen Gas/High 
Resolution Nitrogen Gas, 5 = B: Nitrogen Gas/Pipe, 6 = D: Nitrogen Gas, Pipe, and 7 = B: Nitrogen 
Gas/Pipe. (a) High level mesh image for all domains. (b) High resolution image for the area boxed 






2.3.5. Cut-Line Set-Up 
Cut-lines were established axially at various domain boundaries to allow the 
temperature to be measured at these boundaries. Axial cut-lines were used to determine the 
temperature gradient radially in the paste, from the nitrogen gas/paste boundary to the 
paste/pipe boundary. As shown below in Figure 2.3.5-1, a total of four axial cut-lines were 
defined at the interfaces between the different domains. 
 
Figure 2.2.5-1: Axial cut-lines at the interfaces between all domains. 
 
Cut-lines were defined radially to determine how the temperature changed from the 
center of the pipe through the soil. Radial cut-lines, which are described below in Figure 
2.3.5-2, were also used to determine temperature gradients axially throughout the paste 
layer. As shown below in Figure 2.3.5-2.a, there were 10 total radial cut-lines through the 
center of each heater. As described in Figure 2.3.5-2.b, there were 11 total cut-lines through 





one cut-line passed through the lower edge of Heater 1, and one cut-line passed through 
the upper edge of Heater 10.  
 
Figure 2.3.5-2: Radial cut-lines. (a) Radial cut-lines through the center of each heater. (b) Radial 
cut-line through the boundary of each heater. 
 
2.4. Model Execution 
 
2.4.1. Test Case 1: Nitrogen Gas Flow “On” 
Various sintering time and applied power combinations were run using the 
“Parametric Sweep” function in the “Study” module of COMSOL to determine the optimal 
sintering time and applied power for each heater. These parameters were optimized for 
each heater individually. Beginning with Heater 1 only (Heater 1 was enabled and Heaters 
2 – 10 were disabled), all possible combinations of sintering time from 0 to 90 seconds in 
1 second intervals and applied power from 25 kW to 300 kW in 25 kW intervals were run. 
Since heat would be present in the system after Heater 1, the parameters for Heater 2 would 





the same parameter combinations were run on Heater 2, with Heater 1 enabled with its 
optimal parameters and Heaters 3 – 10 disabled. The optimal parameters were then 
determined for Heater 2. The same process was completed once more on Heater 3 (enable 
the previous heaters with optimized parameters and disable subsequent heaters). Once the 
optimal parameters had been determined for Heater 3, the same parameters from Heater 3 
were applied to Heaters 4 – 10. Finally, all heaters were enabled with their appropriate 
parameters. The model was then solved using a “Time Dependent Study” module (without 
the “Parametric Sweep”) with an output time ranging from 0 to SUM(Sintering Times for 
all Heaters) in 1 second intervals. The key solver settings used during model execution are 
described below in Table 2.4.1-1. 
Table 2.4.1-1: Key Time-Dependent Solver settings 
Solver Setting Category Solver Setting Solver Setting Value 
Time-Dependent Solver 
Tolerance Factor 0.1 
Relative Tolerance 0.01 
Fully Coupled 
Jacobian Update Once per time step 
Nonlinear Method Constant (Newton) 
Termination Technique Tolerance 
Termination Criteria Solution 
 
For Test Case 1, the temperature profiles were calculated for every time step at 
various interfaces. Using the axial cut-lines, the temperatures at the center of the pipe, 
nitrogen gas/paste boundary, paste/pipe boundary, and pipe/soil boundary were calculated. 
Using the radial cut-lines, the temperatures through the center of the heater and at the 






2.4.2. Test Case 2: Nitrogen Gas Flow “Off” 
Test Case 2 was used to determine the impact of nitrogen gas on the temperature 
inside the pipe. Since heat will be applied to the paste by robotic tools, it was important to 
ensure that the temperature within the gas did not exceed 45 ℃1 for an extended period of 
time. To determine the impact of the cooling effects of the nitrogen gas flow, the model 
was run with all 10 heaters enabled with their respective optimized parameters and the 
nitrogen gas turned off (vgas,z = 0 m/s). Note that the parameters for the heaters were not 
re-optimized for Test Case 2. Only the temperature at the center of the pipe (using the axial 
cut-line) was calculated. The same solver settings from Test Case 1 were used in Test Case 
2. 
 
2.5. Convergence Study 
The purpose of the convergence study was to assess the trade-off between 
computation time and model accuracy. The accuracy of the model is directly linked to the 
mesh element size. By decreasing the mesh size of elements, a more refined mesh will be 
produced. Consequently, a more refined mesh results in a higher number of elements used 
to solve the model with the FEM, leading to a more accurate solution. As the number of 
elements increases and approaches infinity, the approximation begins to approach the exact 
solution. However, a higher refinement of the mesh requires a higher computation time. A 
good mesh should result in a model solution that is a reasonable approximation of the exact 
solution within an acceptable margin of error. 
                                               
1 Based on discussions with my advisor, Dr. Paul Albertus, we determined that 45	°C was approximately 





The nitrogen gas/paste boundary was the region of interest for the convergence 
study because this boundary was the location where the steepest temperature gradients 
were expected. The convergence study was performed on the nitrogen gas/paste boundary 
maximum temperature results from Test Case 1. The mesh distributions 1A, 1R, and 4R 
from Figure 2.3.4-1.c were all changed by a single factor at the same time. The factors used 
were 0.05, 0.1, 0.125, 0.25, 0.5, and 1. For each factor, the maximum temperatures of each 
heater at the nitrogen gas/paste boundary were documented, and the solver time was also 
recorded. The mesh was considered insufficient if the temperature results produced by any 






Chapter 3: Results & Discussion 
 
3.1. Mesh Quality 
A good quality mesh is necessary for the model to produce accurate results. Figure 
3.1-1 below depicts the mesh quality for all domains. The green regions (1 on the mesh 
quality scale) represent a high-quality mesh, which indicates that the correct element (i.e. 
mapped mesh/free triangular with the appropriate mesh distribution) was chosen. The red 
regions (0 on the mesh quality scale) represent a low-quality mesh, which indicts that a 
better mesh element should have been selected.  Note that the mesh quality is defined based 














Figure 3.1-1: Mesh quality of all domains. (a) High level mesh quality image. (b) High resolution 
image for the area boxed in red from image (a). (c) High resolution image for the area boxed in red 
from image (b). 
 
In Figure 3.1-1.a, the mesh quality appears to be green for all elements, resulting in 
a mesh quality of 0.7 to 1 for each individual element. In Figure 3.1-1.b, the mesh quality 





of a lower quality mesh. In Figure 3.1-1.c, all elements within the high-resolution mesh 
region are a dark green, which represents a high-quality mesh. There are a few yellow, 
lower quality mesh elements present. However, these elements are outside the critical high-
resolution mesh region. 
 
According to the Domain Element Statics (located under the “Mesh Statistics” in 
COMSOL), the average element quality was 0.9855, which was very close to 1. An element 
quality close to 1 indicates a good quality mesh. Based on the mesh quality plots (Figure 
3.1-1.a – Figure 3.1-1.c) and the average element quality statistic, we can say that the mesh 
quality was “good”. However, we could not conclude that our model results were accurate 
solely based on a “good” mesh quality. Since the mesh quality was only related to the 
geometric aspects of the model, COMOL did not determine where there were steep 
temperature gradients, which was critical to our model results. Therefore, a convergence 
study was necessary to determine how the model solution was influenced by the mesh. 
 
3.2. Convergence Study Results 
The results of the convergence study were essential to determining whether our 
mesh was sufficient for producing temperature profiles along the nitrogen gas/paste 
boundary, which was the boundary where most of the heat transfer activity occurred in this 






Figure 3.2-1: Mesh convergence study on the average maximum temperature at the nitrogen 
gas/paste boundary across all heaters for the mesh distribution factors of 0.05, 0.1, 0.125, 0.25, 0.5, 
and 1. 
 
Figure 3.2-1 shows that a factor of 0.1 results in an error that exceeds 1% while a 
factor of 0.125 results in an error that is less than 1%. Therefore, a factor of 0.125 or greater 
would ensure temperature results at the nitrogen gas/paste boundary within the acceptable 
margin of error. The error begins to stabilize after a factor of 0.25, but the solver time also 







The results imply that a lower resolution mesh could have been used to obtain 
results within a reasonable margin of error (±1%). A lower resolution mesh would reduce 
the solver time, which would have been beneficial when running various combinations for 
optimizing the parameters. Even when the mesh factor was decreased from 1 to 0.25, the 
solution changed by less than 1%. This study shows that our mesh was sufficient and 
produced an accurate approximation to the exact solution for the processes modeled. 
 
3.3. Optimized Parameters 
Based on the results of the Parametric Sweep for Test Case 1, the optimal 
parameters for sintering time and total applied power were determined. The optimal 
parameters were determined by first selecting the sintering time and applied power 
combinations that resulted in nitrogen gas/paste boundary temperatures of a minimum of 
1400 ℃. Then, the paste/pipe boundary temperatures of the selected combinations were 
analyzed to determine the radial temperature gradient within the paste. The parameter 
combination with a minimum nitrogen gas/paste boundary temperature of 1400℃ and the 
smallest temperature gradient was chosen. When assessing the parameter combinations, 
there was a noticeable trade-off between sintering time, applied power, and temperature 
gradients. Slower heating (high sintering time) resulted in a more evenly sintered paste 
layer, but it took longer for the paste to reach the target temperature. Furthermore, a higher 
applied power would decrease the sintering time, but that led to a higher temperature 
gradient. The optimal parameters are described below in Table 3.3-1. In Table 3.3-1, total 





Table 3.3-1: Optimal parameters based on Test Case 1. 
Heater Sintering Time (s) Total Applied Power (kW) 
1 85 200 
2 55 250 
3 – 10  60 250 
 
Based on the sintering time for most of the heaters (Heaters 3 – 10), the linear 
sintering speed in the axial direction was calculated. Since the sintering time of Heaters 3 
to 10 was 60 s and the length of each heater in the axial direction was 15 cm, the linear 
speed was 15 cm/60s or 9 m/hr. However, this linear sintering speed was only 60% of the 
target speed of 15 m/hr. The sintering time of the heaters must be reduced to meet the target 
sintering speed. 
 
3.4. Axial Temperature Profile Results 
To analyze the temperature profiles from the axial cut-lines, the maximum 
temperature of each heater was read to the nearest 1 ℃ (except for nitrogen gas “on”, 
which was read to the nearest 0.1 ℃) in the COMSOL plots. The average maximum 
temperature across all heaters was then calculated. 
 
3.4.1. Center of the Pipe 
Figure 3.4.1-1 below depicts the temperature at the center of the pipe for all time 
steps with the nitrogen gas flow “on”. The maximum temperature at the center of the pipe 






Figure 3.4.1-1: Temperature of the center of the pipe with nitrogen gas flow “on”. Each line 
represents the temperature at the center of the pipe at a specific axial length for each second of the 
simulation from 0 s to 620 s. 
 
Table 3.4.1-1: Maximum temperature at the center of the pipe for each heater (with nitrogen gas 
flow “on”) with the associated average. 













Based on these results, the average maximum temperature in the center of the pipe 





there was no significant radial conduction into the nitrogen gas. Additionally, heat appears 
to collect at the end of the pipe (arc length = 5 m), which was due to the nitrogen gas 
carrying the heat to the top of the pipe and thermal insulation that existed at the top of the 
pipe. As the sintering process continued, the temperature at the center of the pipe continued 
to increase. However, the average maximum temperature remained well below the required 
45	°C maximum. 
 
Figure 3.4.1-2 below describes the temperature at the center of the pipe for all time 
steps with the nitrogen gas flow turned “off”. The maximum temperature at the center of 
the pipe for each heater with the associated average are described below in Table 3.4.1-2. 
 
Figure 3.4.1-2: Temperature of the center of the pipe with nitrogen gas flow “off” for all heaters. 
Each line represents the temperature at the center of the pipe at a specific axial length for each 
second of the simulation from 0 s to 620 s. Each peak represents the maximum temperature that an 
individual heater reaches at the center of the pipe. Note that only the peaks for Heaters 2 – 10 are 






Table 3.4.1-2: Maximum temperature at the center of the pipe (with nitrogen gas flow “off”) for 
each heater with the associated average. 













Without a flow of nitrogen gas, the temperature at the center of the pipe reached an 
average maximum of 1203 °C. This high temperature, which was much greater than the 
maximum allowable temperature of 45 °C, would damage the integrity of the robotic tools 
in the pipe. These results indicate that a cooling agent was necessary to keep the center of 
the pipe below 45 °C, and nitrogen gas was an effective cooling agent. 
 
3.4.2. Nitrogen Gas/Paste Boundary 
Figure 3.4.2-1 below illustrates the temperature at the nitrogen gas/paste boundary 
for all time steps. The maximum temperature at the nitrogen gas/paste boundary with the 






Figure 3.4.2-1: Nitrogen gas/paste boundary temperatures for all heaters. Each line represents the 
temperature at the nitrogen gas/paste boundary temperature at a specific axial length for each 
second of the simulation from 0 s to 620 s. Each peak represents the maximum temperature that an 
individual heater reaches at the nitrogen gas/paste boundary. 
 
Table 3.4.2-1: Maximum temperature at the nitrogen gas/paste boundary for each heater with the 
associated average. 

















These results indicate that the average maximum temperature at the nitrogen 
gas/paste boundary was 1664	°C. At all points in the sintering process, the temperature at 
the nitrogen gas/paste boundary exceeded the minimum required temperature of 1400 °C, 
suggesting that the paste was fully sintered at this boundary. 
 
 
3.4.3. Paste/Pipe Boundary 
Figure 3.4.3-1 below illustrates the temperature at the paste/pipe boundary for all 
time steps. The maximum temperature at the paste/pipe boundary with the associated 
average are described below in Table 3.4.3-1. 
 
Figure 3.4.3-1: Paste/pipe boundary temperature for all heaters. Each line represents the 
temperature at the paste/pipe boundary temperature at a specific axial length for each second of the 
simulation from 0 s to 620 s. Each peak represents the maximum temperature that an individual 








Table 3.4.3-1: Maximum temperature at the paste/pipe boundary for each heater with the 
associated average. 













These results show that the average maximum temperature at the paste/pipe 
boundary was 1439	°C. At all points in the sintering process, the temperature at the nitrogen 
gas/paste boundary exceeded the minimum required temperature of 1400 °C, suggesting 
that the paste was fully sintered at this boundary. 
 
3.4.4. Radial Temperature Gradients 
When comparing the average maximum temperature results from the nitrogen 
gas/paste and paste/pipe boundary, the radial temperature gradient was 225	°C. While both 
the nitrogen gas/paste and paste/pipe boundaries reached the target temperature of 1400 
°C, the sintering process was not very uniform in the radial direction. In reality, the surface 
of the paste that was closer to the heat source would sinter first. Since the nitrogen gas/paste 
boundary had heat directly applied to it, that boundary temperature was raised more quickly 
than the paste/pipe boundary. A more uniform sintered paste layer would require a smaller 





decreasing the temperature at the nitrogen gas/paste boundary because the temperature at 
this boundary exceeded the target temperature by 264	°C. Furthermore, the time component 
(sintering time) must be taken into account when assessing the sintering process. Even 
though the temperature requirement was met, the time requirement must also be met for  
successful sintering. 
 
3.4.5. Pipe/Soil Boundary 
Figure 3.4.5-1 below depicts the temperature at the pipe/soil boundary for all time 
steps. The maximum temperature at the pipe/soil boundary with the associated average are 
described below in Table 3.4.5-1. 
 
Figure 3.4.5-1: Pipe/soil boundary temperature for all heaters. Each line represents the temperature 
at the pipe/soil boundary at a specific axial length for each second of the simulation from 0 s to 620 







Table 3.4.5-1: Maximum temperature at the pipe/soil boundary for each heater with the associated 
average. 













These results show that the average maximum temperature at the pipe/soil boundary 
was 1323	°C. This suggests that the heat from the sintering process was transferred from 
the paste, through the pipe, and to the soil since the original temperature of this interface 
was 10 °C. The temperature at the pipe/soil boundary exceeded 100 °C at various points in 
the sintering process, suggesting that ground water could potentially boil off at this 
interface. This could pose some environmental and/or safety concerns. 
 
3.5. Radial Temperature Profile Results 
The purpose of analyzing the radial cut-line temperature profiles was to determine 
the axial temperature gradients in the paste and to determine how far heat dissipated into 
the soil in the radial direction. To analyze the temperature profiles from the radial cut-lines, 
the maximum temperature at the beginning, middle, and end of the pipe (in the axial 
direction) was plotted to the nearest 1 ℃ in the COMSOL plots. Please note that the curves 





in each domain. The curves between arc length = 0.129 m to 0.141 m have a higher 
smoothness than curves outside of this region due to the high-resolution mesh area. 
Additionally, please note that temperature peaks exist in the nitrogen gas domain in Figure 
3.5.1-1, Figure 3.5.1-2, Figure 3.5.2-1, and Figure 3.5.2-2. This was due to an anomaly that 
pinned the temperature of a heater at 10 °C (the initial temperature) until the heater was 
turned “on”. This anomaly may be due to how COMSOL implemented the initial 
temperature conditions into the heat transfer modules, but further research will be 
conducted on the specific causes of this anomaly. Moreover, the locations of the top, center, 
and bottom of the heater, which are relevant to the radial cut-line results, are defined below 
in Figure 3.5-1. 
 
Figure 3.5-1: Location of the top, center, and bottom of a heater. 
 
3.5.1. Center of the Heater 
To analyze the temperature profile at the beginning of the pipe, the temperature 
profile was analyzed after Heater 1 had been “on” for the full sintering time of 85 seconds. 







Figure 3.5.1-1: Temperature profiles for the radial cut-lines through the center of each heater after 
85 seconds. 
 
Based on these results, the maximum temperature was 1590℃, which was due to 
Heater 1. This maximum temperature occurred at the nitrogen gas/paste boundary. Even 
though Heater 1 was the only heater that was turned “on”, all of the other heaters were well 
above the initial temperature of 10 ℃. These results indicate that heat was not centralized 
to the heater that was turned “on”. Instead, nitrogen gas carried heat up the pipe while 
power was being applied to the heater that was “on”. Additionally, at 16.4 cm, which was 
1.4 cm into the soil, the soil exceeded 100 ℃, raising the concern of ground water boil off.  
 
To analyze the temperature profile at the middle of the pipe, the temperature profile 
was analyzed after Heater 5 had been “on” for the full sintering time of 60 seconds. Figure 






Figure 3.5.1-2: Temperature profiles for the radial cut-lines through the center of each heater after 
320 seconds.  
 
These results indicate that the maximum temperature was 1571℃, which was due 
to Heater 5. This maximum temperature occurred at the nitrogen gas/paste boundary. A 
steep temperature gradient in the paste was present for the heater that was “on” (Heater 5) 
while all previous heaters (Heaters 1 – 4) had minimum temperature gradients in the paste. 
Condution of heat continued from the nitrogen gas/paste boundary, through the paste, 
through the pipe, and finally to the soil. Heat traveled even further into the soil domain 
when comapred to the results when Heater 1 was “on”. The soil exceeded 100 ℃, the point 
of ground water boil off, at 18.4 cm, which was 3.4 cm into the soil. 
 
To analyze the temperature profile at the end of the pipe, the temperature profile 
was analyzed after Heater 10 had been “on” for the full sintering time of 60 seconds. Figure 







Figure 3.5.1-3: Temperature profiles for the radial cut-lines through the center of each heater after 
620 seconds. 
 
Based on these results, the maximum temperature was 1510 ℃, which was due to 
Heater 10. This maximum temperature occurred at the nitrogen gas/paste boundary. At the 
end of the pipe, the previous heaters had not cooled back to the initial temperature of 10 
℃. Even 535 seconds after Heater 1 was turned “off”, Heater 1 only cooled to 736 ℃, 
which was an 854 ℃ decrease from when Heater 1 was turned “off”. Heater 1 remained 
well above the initial temperature of 10 ℃. Furthermore, heat still propagated through the 
soil as the sintering process continued due to the continuation of heat that was applied to 
the nitrogen gas/paste boundary. At 19.7 cm, which was 4.7 cm into the soil, the soil 
exceeded 100 ℃, raising the concern of ground water boil off.  
 
3.5.2. Boundary of the Heater 
The temperature at the boundary between the heaters was assessed to determine the 
axial temperature gradient within Heater 5. Temperatures were read from the nitrogen 





axial temperature gradient in Heater 5, the temperature profile was examined after Heater 
5 had been “on” for the full sintering time of 60 seconds. Figure 3.5.2-1 below describes 
the radial temperature profiles through the boundary of each heater for all heaters after 320 
seconds. 
 
Figure 3.5.2-1: Temperature profiles for the radial cut-lines through the boundary of each heater 
after 320 seconds.  
 
Figure 3.5.2-1 shows that the top of Heater 5 reached 940 ℃ while the bottom of 
Heater 5 reached 1398 ℃. The bottom of Heater 5 reached a higher temperature than the 
top due to the residual heat that was present after Heater 4 had completed sintering. The 
heat from Heater 4 was transferred to the bottom of Heater 5, raising the temperature of 
the bottom of Heater 5. 
 
To determine the maximum temperature of the top of Heater 5, the temperature 
profile was examined after Heater 6 had been “on” for the full sintering time of 60 seconds. 
Figure 3.5.2-2 below describes the radial temperature profiles through the boundary of each 






Figure 3.5.2-2: Temperature profiles for the radial cut-lines through the boundary of each heater 
after 380 seconds.  
 
Figure 3.5.2-2 shows that the top of Heater 5 reached 1399 ℃ while the bottom of 
Heater 5 reached 1121 ℃. The top of Heater 5 reached a higher temperature than the bottom 
due to the residual heat that was present after Heater 6 had completed sintering. The heat 
from Heater 6 was transferred to the top of Heater 5, raising the temperature of the top of 
Heater 5. 
 
3.5.3. Axial Temperature Gradients 
The radial cut-lines provided a useful visual for temperature gradient analysis 
within Heater 5. The temperature gradients at the lower half of the heater (Bottom/Center), 
top half of the heater (Center/Top), and throughout the heater (Bottom/Top) was assessed. 
The results, which are presented below in Table 3.5.3-1, were assessed at the maximum 






Table 3.5.3-1: Axial temperature gradient of Heater 5 
Temperature (°C) at Each 
Axial Location in Heater 5 Temperature Gradient (°C) 
Bottom Center Top Bottom/Center Center/Top Bottom/Top 
1398 1571 1399 173 172 1 
 
The results indicate that heat generation was centralized at the middle of the 
heater. For Heater 5, the center of the heater reached a higher temperature than the edges 
(bottom and top), showing that the paste was not uniformly sintered in the axial direction. 
The higher temperature at the center of Heater 5 created the larger bottom/center and 
center/top temperature gradients. The low bottom/top temperature gradient indicates that 
the edges of the heater received similar amounts of heat. 
 
3.6 Energy Efficiency 
The energy efficiency of Heater 1 was assessed to determine the fraction of heat 
that remained in the paste during the sintering process. The final power, Pout, for Heater 1 
was determined at the sintering time, ST, of Heater 1 using Eq. 12 below in Table 3.6-1. 
The density, 𝜌, heat capacity, 𝐶B, and final temperature, Tfinal, of the paste were calculated 
at 85 seconds. Tfinal was the average temperature throughout the paste where Heater 1 was 
applied, which was determined using a domain probe in COMSOL. The volume, Vpaste, of 
the paste was the annular volume of the section of paste where Heater 1 was applied. Vpaste 
was calculated using the outer radius of the paste, Router, the inner radius of the paste, Rinner, 
and the length of the heater, Lh. The efficiency, η, was determined using Eq. 13 below in 





are summarized below in Table 3.6-2. Ultimately, the efficiency of Heater 1 was 
determined to be ~ 64%. 
Table 3.6-1: Efficiency equations summary table 
Equation 












Table 3.6-2: Summary table for all variables used in the equations in Table 3.6-1 above. 
Notation Value Unit 
𝜌B~+,-  6400 kg/m3 
𝐶B,B~+,-  9136 J/kg·°C 
𝑇nTQ~. 1419 °C 
𝑇TQT,T~.  10 °C 
ST 85 s 
𝑅B~+,-,C 0.14 m 
𝑅B~+,-,T 0.139 m 
𝐿ℎ 0.15 m 
𝑉B~+,-  1.315·10-4 m3 
𝑃C}, 127.431 kW 
𝑃TQ 200 kW 






Chapter 4: Conclusion 
 
4.1. Results Summary 
Based on the optimized parameters, Heater 1 received 200 kW for 85 seconds, 
Heater 2 received 250 kW for 55 seconds, and Heaters 3 – 10 received 250 kW for 60 
seconds. The surface of the paste on the interior of the pipe reached an average maximum 
of 1664	°C, while the paste surface adjacent to the pipe reached 1439	°C, resulting in an 
average radial temperature gradient of 225°C within the paste. Various temperature 
gradients also existed axially in the paste. We can assume that our model solutions are 
accurate based on the mesh quality and convergence study results. The convergence study 
results also indicate a trade-off that existed between the error and solver time, with a lower 
error resulting in higher solver time. While the steel paste exceeded the minimum target 
temperature of 1400 °C, full sintering within 30 seconds was unachievable. Further work 
on identifying the roles of conduction, convection, and radiation would lead to a more 
accurate sintering model. 
 
4.2. Potential Concerns 
While the optimized set of parameters resulted in nitrogen gas/paste and paste/pipe 
boundaries that reached a minimum of 1400 °C, there are still several potential concerns 
with the sintering process. One such concern is that the sintering process was too slow. The 





average linear speed was only 9 m/hr. The sintering time for the heaters must be decreased 
to achieve the ideal sintering rate and make the process useful within the time constraints. 
Additionally, temperature gradients existed axially and radially in the pipe, showing that 
the paste was not unfirmly sintered in either direction. This could potentially impact the 
structural integrity of the final sintered paste layer due to varying residual stresses that 
result from the thermal gradients. 
 
Regarding environmental impacts, ground water boil off could pose an issue. The 
temperature of the soil immediately on the exterior of the pipe was above the boiling point 
of water (100 °C). However, the temperature exceeded 100 °C only a few centimeters into 
the soil. Therefore, the concern of ground water boil off would most likely be minimal, 
especially because the original pipe is buried under several meters of soil. Moreover, 
radiation, which is an important heat transfer mechanism that is involved in sintering, was 
not considered in this model. The lack of radiation could have impacted the accuracy of 
our model and is an important area for future work. 
 
4.3. Recommendations & Future Work 
The exact method of heat application and orientation of the heater should be 
carefully defined based on further experimental work to increase the accuracy of the model. 
Currently, heating only occurs in the axial direction with a sequential heating method. 
However, other heating methods are possible. For example, heating could occur as a 
function of theta and z such that heat moves along the inner circumference of the pipe and 





that could be utilized to produce a transient heating model. Furthermore, future models 
should aim to further quantify and improve the heater efficiency by implementing methods 
to contain more of the heat within the paste and prevent heat from dissipating into the 
environment.  
 
Large temperature gradients in the radial direction, which affect the uniformity of 
the final sintered product, could be combated with pulse heating. A short burst of high heat 
could be applied to the nitrogen gas/paste boundary with enough time for the heat to travel 
to the paste/pipe boundary before delivering another burst of heat. This method would 
allow the temperature of the paste/pipe boundary to catch up to the nitrogen gas/paste 
boundary, resulting in a lower radial temperature gradient. A reduced heater length in the 
axial direction could also potentially help to decrease the temperature gradients in the axial 
direction. 
 
Further research should be conducted on welding processes in a pipeline 
environment, and welding typically includes radiation as a heat transfer mechanism. Given 
that radiation was not considered in this model, the effects of radiation should be studied 
in future models. The radiative properties of the paste must be determined so that the 
radiative heat transfer modules in COMSOL can be used. These modules would allow 
reflectance, absorbance, and transmittance due to radiation to be better accounted for. 
When using the radiative heat transfer modules, the new parameters would be sintering 
time and sintering temperature (instead of applied power). These new parameters would 






Additional information on the material properties needs to be gathered to increase 
the accuracy of the model. Currently, the thermal conductivity of the paste prior to the 
phase change does not vary with temperature, and the soil properties are approximations. 
Material properties as a function of temperature produce more accurate results than 
material properties at a single temperature. The maximum allowable temperature of the 
paste should also be determined so that the maximum allowable temperature gradients can 
be assessed. Furthermore, the physical properties of the paste should be analyzed both 
during and post sintering. Residual stress could result from temperature variations during 
the sintering process, and the physical properties of the paste could change at such high 
temperatures. 
 
Since this study focused on analyzing the sintering process of the initial 1 mm layer 
of paste, the remaining 2 mm of paste must still be sintered to the initial 1 mm. Additional 
methods and optimization will be required to sinter the remaining layers of paste. The 
model for the initial 1 mm paste layer should be updated to reflect these recommendations, 
which could then be applied to the remaining 2 mm of paste. Finally, a full convergence 
study on the entire pipeline environment should be performed instead of focusing on the 










Appendix A: Data collected on the SS316 properties by the University of Pittsburgh 
Wei Xiong Group 
 









300 7.87 910 7.74 
310 7.87 920 7.74 
320 7.87 930 7.74 
330 7.86 940 7.73 
340 7.86 950 7.73 
350 7.86 960 7.72 
360 7.86 970 7.72 
370 7.85 980 7.71 
380 7.85 990 7.71 
390 7.85 1000 7.70 
400 7.84 1010 7.70 
410 7.84 1020 7.70 
420 7.84 1030 7.69 
430 7.83 1040 7.69 
440 7.83 1050 7.68 
450 7.83 1060 7.68 
460 7.82 1063.57 7.68 
470 7.82 1063.57 7.68 
480 7.81 1063.57 7.68 
490 7.81 1070 7.67 
500 7.81 1080 7.67 
510 7.80 1090 7.66 
520 7.80 1100 7.66 
530 7.79 1110 7.65 
540 7.79 1119.08 7.65 
550 7.78 1119.08 7.65 
560 7.78 1120 7.65 





580 7.77 1120.86 7.65 
580 7.77 1120.86 7.65 
590 7.76 1130 7.65 
600 7.76 1140 7.64 
604.81 7.75 1150 7.64 
604.81 7.75 1160 7.63 
610 7.75 1170 7.63 
620 7.74 1180 7.62 
623.17 7.74 1183.08 7.62 
623.17 7.74 1183.08 7.62 
623.17 7.74 1183.08 7.62 
630 7.74 1190 7.62 
640 7.74 1200 7.61 
650 7.73 1210 7.61 
660 7.73 1220 7.61 
670 7.73 1230 7.60 
680 7.72 1240 7.60 
690 7.72 1250 7.59 
700 7.72 1260 7.59 
710 7.72 1270 7.58 
720 7.72 1280 7.58 
730 7.72 1290 7.57 
740 7.71 1300 7.57 
750 7.71 1310 7.57 
760 7.71 1320 7.56 
770 7.71 1330 7.56 
780 7.71 1340 7.55 
785.61 7.71 1350 7.55 
785.61 7.71 1358.74 7.54 
785.61 7.71 1358.74 7.54 
790 7.72 1360 7.54 
800 7.72 1370 7.54 
810 7.72 1380 7.53 
820 7.72 1390 7.53 
830 7.72 1400 7.52 
840 7.73 1410 7.52 
850 7.73 1420 7.51 





870 7.74 1440 7.51 
880 7.75 1450 7.50 
890 7.75 1460 7.50 
893.59 7.75 1470 7.49 
893.59 7.75 1480 7.49 
893.59 7.75 1490 7.48 








A.2 SS316 Heat Capacity as a Function of Temperature 
 













10.00[18] 27.12 906.85 39.76 
299.85 41.66 911.85 40.13 
304.85 42.33 916.85 40.50 
309.85 43.04 921.85 40.89 
314.85 43.78 926.85 41.28 
319.85 44.56 931.85 41.67 
324.85 45.39 936.85 42.07 
329.85 46.26 941.85 42.47 
334.85 47.20 946.85 42.88 
339.85 48.19 951.85 43.29 
344.85 49.27 956.85 43.70 
349.85 50.43 961.85 44.11 
354.85 51.70 966.85 44.51 
359.85 53.11 971.85 44.92 
364.85 54.71 976.85 45.33 
369.85 56.55 981.85 45.74 
374.52 58.60 986.85 46.14 
376.69 50.87 991.85 46.55 
379.85 51.51 996.85 46.95 
384.85 52.80 1001.85 47.35 
389.85 54.54 1006.85 38.53 
394.85 56.96 1011.85 38.68 
398.68 45.66 1016.85 38.83 
399.85 45.72 1021.85 38.98 
404.85 45.98 1026.85 39.13 
409.85 46.25 1031.85 39.28 
414.85 48.04 1036.85 39.42 
419.85 46.80 1041.82 36.70 
424.85 47.07 1041.85 35.27 





434.85 47.62 1051.85 35.38 
439.85 47.89 1056.85 35.43 
444.85 48.17 1061.85 35.48 
449.85 48.45 1066.85 35.54 
454.85 48.72 1071.85 35.59 
459.85 49.02 1076.85 35.64 
464.85 49.33 1081.85 35.70 
469.85 49.64 1086.85 35.75 
474.85 49.98 1091.85 35.80 
479.85 50.33 1096.85 35.86 
484.85 50.70 1101.85 35.91 
489.85 51.10 1106.85 35.97 
494.85 51.52 1111.85 36.02 
499.85 51.98 1116.85 36.08 
504.85 52.45 1121.85 36.13 
505.85 52.55 1126.85 36.18 
506.85 52.86 1131.85 36.24 
511.85 53.17 1136.85 36.29 
516.85 53.71 1141.85 36.35 
521.85 54.28 1146.85 36.40 
526.85 54.88 1151.85 36.46 
531.85 55.49 1156.85 36.51 
536.85 56.12 1161.85 36.57 
541.85 56.77 1166.85 36.62 
546.85 57.44 1171.85 36.68 
551.85 58.11 1176.85 36.74 
556.85 58.78 1181.85 36.79 
561.85 59.45 1186.85 36.85 
566.85 60.10 1191.85 36.90 
571.85 60.74 1196.85 36.96 
576.85 61.35 1201.85 37.01 
581.85 61.92 1206.85 37.07 
586.85 62.44 1211.85 37.13 
591.85 62.88 1216.85 37.18 
596.81 36.23 1221.85 37.24 
596.85 36.23 1226.85 37.30 
601.85 36.31 1231.85 37.35 





611.85 36.49 1241.85 37.47 
616.85 36.57 1246.85 37.52 
621.85 36.66 1251.85 37.58 
626.85 36.75 1256.85 37.64 
631.85 36.84 1261.85 37.70 
636.85 36.93 1266.85 37.76 
641.85 37.01 1271.85 37.82 
646.85 37.10 1276.85 37.88 
651.85 37.19 1281.85 37.94 
656.85 37.28 1286.85 38.00 
661.85 37.37 1291.85 38.06 
666.85 37.46 1296.85 38.11 
671.85 37.55 1301.85 38.17 
676.85 37.64 1306.85 38.23 
681.85 37.73 1311.85 38.29 
686.85 37.83 1316.85 38.35 
691.85 37.93 1321.85 38.41 
696.85 38.03 1326.85 38.47 
699.47 37.44 1331.85 38.53 
701.85 37.56 1336.85 38.59 
706.85 37.82 1341.85 38.65 
711.85 38.08 1346.85 38.71 
716.85 38.34 1348.02 38.72 
721.85 38.61 1351.85 48.31 
726.85 38.88 1356.85 51.76 
731.85 39.15 1361.85 56.50 
736.85 39.43 1366.85 63.06 
741.85 39.70 1371.85 72.23 
746.85 39.99 1376.85 85.08 
751.85 40.27 1381.85 103.13 
756.85 40.56 1386.85 128.40 
761.85 40.85 1391.85 163.62 
766.85 41.14 1393.82 180.95 
771.85 41.44 1396.85 212.71 
776.85 41.74 1399.06 230.57 
781.85 42.04 1401.85 220.73 
784.58 42.20 1406.85 281.52 





785.35 34.84 1416.85 459.48 
786.85 36.52 1420.84 547.67 
791.85 36.67 1420.84 528.50 
794.44 38.42 1421.85 571.74 
796.85 34.69 1423.86 62.91 
801.85 34.86 1423.86 42.58 
806.85 35.04 1426.85 42.64 
811.85 35.22 1431.85 42.74 
816.85 35.41 1436.85 42.85 
821.85 35.61 1441.85 42.96 
826.85 35.82 1446.85 43.06 
831.85 36.03 1451.85 43.17 
833.92 34.68 1456.85 43.28 
833.92 35.46 1461.85 43.37 
836.85 35.59 1466.85 43.47 
841.85 35.82 1471.85 43.57 
846.85 36.06 1476.85 43.66 
851.85 36.31 1481.85 43.76 
856.85 36.57 1486.85 43.86 
861.85 36.84 1491.85 43.96 
866.85 37.12 1496.85 44.06 
871.85 37.42 1501.85 44.16 
876.85 37.72 1506.85 44.26 
881.85 38.03 1511.85 44.37 
886.85 38.36 1516.85 44.47 
891.85 38.70 1521.85 44.57 
896.85 39.04 1526.85 44.68 























1423.85 -7.40 1293.55 -15777.13 
1423.35 -314.70 1293.05 -15794.39 
1422.85 -611.93 1292.55 -15811.61 
1422.35 -899.93 1292.05 -15828.79 
1421.85 -1179.07 1291.55 -15845.93 
1421.35 -1449.71 1291.05 -15863.03 
1421.02 -1626.30 1290.55 -15880.09 
1420.52 -1885.80 1290.05 -15897.11 
1420.02 -2138.19 1289.55 -15914.09 
1419.52 -2383.05 1289.05 -15931.03 
1419.02 -2620.65 1288.55 -15947.93 
1418.52 -2851.30 1288.05 -15964.80 
1418.02 -3075.28 1287.55 -15981.63 
1417.52 -3292.83 1287.05 -15998.42 
1417.02 -3504.22 1286.55 -16015.18 
1416.52 -3709.68 1286.05 -16031.90 
1416.02 -3909.44 1285.55 -16048.58 
1415.52 -4103.72 1285.05 -16065.23 
1415.02 -4292.73 1284.55 -16081.84 
1414.52 -4476.66 1284.05 -16098.42 
1414.02 -4655.71 1283.55 -16114.97 
1413.52 -4830.05 1283.05 -16131.49 
1413.02 -4999.86 1282.55 -16147.97 
1412.52 -5165.30 1282.05 -16164.41 
1412.02 -5326.53 1281.55 -16180.83 
1411.52 -5483.71 1281.05 -16197.22 
1411.02 -5636.97 1280.55 -16213.57 
1410.52 -5786.45 1280.05 -16229.89 
1410.02 -5932.29 1279.55 -16246.18 
1409.52 -6074.62 1279.05 -16262.44 
1409.02 -6213.55 1278.55 -16278.68 
1408.52 -6349.21 1278.05 -16294.88 
1408.02 -6481.69 1277.55 -16311.05 
1407.52 -6611.12 1277.05 -16327.20 
1407.02 -6737.60 1276.55 -16343.31 
1406.52 -6861.21 1276.05 -16359.40 
1406.02 -6982.06 1275.55 -16375.46 
1405.52 -7100.24 1275.05 -16391.50 
1405.02 -7215.84 1274.55 -16407.51 
1404.52 -7328.93 1274.05 -16423.49 
1404.02 -7439.61 1273.55 -16439.44 





1403.02 -7654.00 1272.55 -16471.28 
1402.52 -7757.86 1272.05 -16487.16 
1402.02 -7859.59 1271.55 -16503.01 
1401.52 -7959.27 1271.05 -16518.84 
1401.02 -8056.94 1270.55 -16534.65 
1400.52 -8152.67 1270.05 -16550.44 
1400.02 -8246.53 1269.55 -16566.20 
1399.52 -8338.56 1269.05 -16581.94 
1399.02 -8428.83 1268.55 -16597.65 
1398.52 -8517.39 1268.05 -16613.35 
1398.02 -8604.28 1267.55 -16629.02 
1397.52 -8689.55 1267.05 -16644.67 
1397.02 -8773.26 1266.55 -16660.30 
1396.52 -8855.45 1266.05 -16675.91 
1396.02 -8936.16 1265.55 -16691.50 
1395.52 -9015.43 1265.05 -16707.07 
1395.02 -9093.31 1264.55 -16722.63 
1394.52 -9169.84 1264.05 -16738.16 
1394.02 -9245.05 1263.55 -16753.67 
1393.55 -9314.23 1263.05 -16769.17 
1393.05 -9395.74 1262.55 -16784.65 
1392.55 -9476.87 1262.05 -16800.11 
1392.05 -9556.66 1261.55 -16815.55 
1391.55 -9634.98 1261.05 -16830.98 
1391.05 -9711.82 1260.55 -16846.39 
1390.55 -9787.23 1260.05 -16861.78 
1390.05 -9861.25 1259.55 -16877.16 
1389.55 -9933.91 1259.05 -16892.52 
1389.05 -10005.26 1258.55 -16907.87 
1388.55 -10075.34 1258.05 -16923.21 
1388.05 -10144.18 1257.55 -16938.53 
1387.55 -10211.82 1257.05 -16953.83 
1387.05 -10278.29 1256.55 -16969.13 
1386.55 -10343.63 1256.05 -16984.41 
1386.05 -10407.86 1255.55 -16999.68 
1385.55 -10471.02 1255.05 -17014.93 
1385.05 -10533.15 1254.55 -17030.18 
1384.55 -10594.26 1254.05 -17045.41 
1384.05 -10654.39 1253.55 -17060.63 
1383.55 -10713.56 1253.05 -17075.84 
1383.05 -10771.80 1252.55 -17091.04 
1382.55 -10829.13 1252.05 -17106.23 
1382.05 -10885.58 1251.55 -17121.42 
1381.55 -10941.17 1251.05 -17136.59 
1381.05 -10995.93 1250.55 -17151.76 





1380.05 -11103.03 1249.55 -17182.06 
1379.55 -11155.41 1249.05 -17197.20 
1379.05 -11207.04 1248.55 -17212.34 
1378.55 -11257.94 1248.05 -17227.47 
1378.05 -11308.12 1247.55 -17242.59 
1377.55 -11357.61 1247.05 -17257.71 
1377.05 -11406.42 1246.55 -17272.82 
1376.55 -11454.58 1246.05 -17287.93 
1376.05 -11502.08 1245.55 -17303.04 
1375.55 -11548.96 1245.05 -17318.14 
1375.05 -11595.23 1244.55 -17333.24 
1374.55 -11640.90 1244.05 -17348.34 
1374.05 -11685.99 1243.55 -17363.43 
1373.55 -11730.50 1243.05 -17378.52 
1373.05 -11774.47 1242.55 -17393.61 
1372.55 -11817.89 1242.05 -17408.70 
1372.05 -11860.78 1241.55 -17423.79 
1371.55 -11903.15 1241.05 -17438.88 
1371.05 -11945.03 1240.55 -17453.98 
1370.55 -11986.40 1240.05 -17469.07 
1370.05 -12027.30 1239.55 -17484.16 
1369.55 -12067.73 1239.05 -17499.26 
1369.05 -12107.70 1238.55 -17514.36 
1368.55 -12147.22 1238.05 -17529.46 
1368.05 -12186.30 1237.55 -17544.57 
1367.55 -12224.96 1237.05 -17559.68 
1367.05 -12263.19 1236.55 -17574.80 
1366.55 -12301.02 1236.05 -17589.93 
1366.05 -12338.45 1235.55 -17605.06 
1365.55 -12375.48 1235.05 -17620.19 
1365.05 -12412.13 1234.55 -17635.34 
1364.55 -12448.41 1234.05 -17650.49 
1364.05 -12484.32 1233.55 -17665.65 
1363.55 -12519.87 1233.05 -17680.82 
1363.05 -12555.08 1232.55 -17696.00 
1362.55 -12589.94 1232.05 -17711.19 
1362.05 -12624.46 1231.55 -17726.39 
1361.55 -12658.65 1231.05 -17741.61 
1361.05 -12692.53 1230.55 -17756.83 
1360.55 -12726.08 1230.05 -17772.07 
1360.05 -12759.33 1229.55 -17787.32 
1359.55 -12792.28 1229.05 -17802.59 
1359.05 -12824.93 1228.55 -17817.87 
1358.55 -12857.29 1228.05 -17833.17 
1358.05 -12889.37 1227.55 -17848.49 





1357.05 -12952.69 1226.55 -17879.17 
1356.55 -12983.95 1226.05 -17894.54 
1356.05 -13014.95 1225.55 -17909.93 
1355.55 -13045.69 1225.05 -17925.34 
1355.05 -13076.18 1224.55 -17940.77 
1354.55 -13106.42 1224.05 -17956.22 
1354.05 -13136.42 1223.55 -17971.69 
1353.55 -13166.18 1223.05 -17987.19 
1353.05 -13195.71 1222.55 -18002.71 
1352.55 -13225.01 1222.05 -18018.26 
1352.05 -13254.08 1221.55 -18033.83 
1351.55 -13282.94 1221.05 -18049.43 
1351.05 -13311.58 1220.55 -18065.06 
1350.55 -13340.01 1220.05 -18080.72 
1350.05 -13368.23 1219.55 -18096.40 
1349.55 -13396.25 1219.05 -18112.12 
1349.05 -13424.07 1218.55 -18127.86 
1348.55 -13451.69 1218.05 -18143.64 
1348.05 -13479.12 1217.55 -18159.45 
1347.55 -13506.36 1217.05 -18175.30 
1347.05 -13533.41 1216.55 -18191.18 
1346.55 -13560.28 1216.05 -18207.10 
1346.05 -13586.97 1215.55 -18223.05 
1345.55 -13613.48 1215.05 -18239.04 
1345.05 -13639.82 1214.55 -18255.07 
1344.55 -13665.99 1214.05 -18271.14 
1344.05 -13691.99 1213.55 -18287.25 
1343.55 -13717.83 1213.05 -18303.41 
1343.05 -13743.51 1212.55 -18319.60 
1342.55 -13769.02 1212.05 -18335.84 
1342.05 -13794.38 1211.55 -18352.13 
1341.55 -13819.59 1211.05 -18368.46 
1341.05 -13844.65 1210.55 -18384.84 
1340.55 -13869.55 1210.05 -18401.27 
1340.05 -13894.32 1209.55 -18417.75 
1339.55 -13918.93 1209.05 -18434.28 
1339.05 -13943.41 1208.55 -18450.86 
1338.55 -13967.75 1208.05 -18467.49 
1338.05 -13991.95 1207.55 -18484.18 
1337.55 -14016.01 1207.05 -18500.93 
1337.05 -14039.94 1206.55 -18517.73 
1336.55 -14063.75 1206.05 -18534.59 
1336.05 -14087.42 1205.55 -18551.51 
1335.55 -14110.97 1205.05 -18568.49 
1335.05 -14134.39 1204.55 -18585.53 





1334.05 -14180.87 1203.55 -18619.81 
1333.55 -14203.93 1203.05 -18637.05 
1333.05 -14226.88 1202.55 -18654.35 
1332.55 -14249.70 1202.05 -18671.72 
1332.05 -14272.42 1201.55 -18689.17 
1331.55 -14295.02 1201.05 -18706.68 
1331.05 -14317.52 1200.55 -18724.27 
1330.55 -14339.90 1200.05 -18741.93 
1330.05 -14362.18 1199.55 -18759.67 
1329.55 -14384.35 1199.05 -18777.48 
1329.05 -14406.42 1198.55 -18795.37 
1328.55 -14428.39 1198.05 -18813.34 
1328.05 -14450.25 1197.55 -18831.39 
1327.55 -14472.02 1197.05 -18849.53 
1327.05 -14493.69 1196.55 -18867.74 
1326.55 -14515.26 1196.05 -18886.04 
1326.05 -14536.73 1195.55 -18904.43 
1325.55 -14558.12 1195.05 -18922.91 
1325.05 -14579.41 1194.55 -18941.47 
1324.55 -14600.60 1194.05 -18960.13 
1324.05 -14621.71 1193.55 -18978.87 
1323.55 -14642.73 1193.05 -18997.71 
1323.05 -14663.66 1192.55 -19016.65 
1322.55 -14684.51 1192.05 -19035.68 
1322.05 -14705.27 1191.55 -19054.80 
1321.55 -14725.94 1191.05 -19074.03 
1321.05 -14746.53 1190.55 -19093.35 
1320.55 -14767.04 1190.05 -19112.78 
1320.05 -14787.47 1189.55 -19132.31 
1319.55 -14807.82 1189.44 -19137.82 
1319.05 -14828.09 1189.43 -19137.74 
1318.55 -14848.29 1189.35 -19141.37 
1318.05 -14868.40 1189.33 -19141.82 
1317.55 -14888.44 1189.28 -19144.00 
1317.05 -14908.41 1189.24 -19145.68 
1316.55 -14928.30 1188.74 -19169.11 
1316.05 -14948.12 1188.24 -19194.00 
1315.55 -14967.87 1187.74 -19218.74 
1315.05 -14987.54 1187.24 -19243.20 
1314.55 -15007.15 1186.74 -19267.47 
1314.05 -15026.68 1186.24 -19291.63 
1313.55 -15046.15 1185.74 -19315.72 
1313.05 -15065.55 1185.24 -19339.79 
1312.55 -15084.88 1184.74 -19363.86 
1312.05 -15104.15 1184.24 -19387.93 





1311.05 -15142.49 1183.24 -19436.13 
1310.55 -15161.57 1182.74 -19460.27 
1310.05 -15180.58 1182.24 -19484.43 
1309.55 -15199.53 1181.74 -19508.63 
1309.05 -15218.41 1181.24 -19532.85 
1308.55 -15237.24 1180.74 -19557.10 
1308.05 -15256.01 1180.24 -19581.38 
1307.55 -15274.72 1179.74 -19605.69 
1307.05 -15293.37 1179.24 -19630.03 
1306.55 -15311.96 1178.74 -19654.40 
1306.05 -15330.49 1178.24 -19678.80 
1305.55 -15348.97 1177.74 -19703.23 
1305.05 -15367.40 1177.40 -19719.87 
1304.55 -15385.76 1176.90 -19743.30 
1304.05 -15404.08 1176.40 -19761.61 
1303.55 -15422.34 1175.90 -19777.18 
1303.05 -15440.54 1175.40 -19791.16 
1302.55 -15458.70 1174.90 -19804.15 
1302.05 -15476.80 1174.40 -19816.46 
1301.55 -15494.85 1173.90 -19828.27 
1301.05 -15512.85 1173.40 -19839.72 
1300.55 -15530.80 1172.90 -19850.87 
1300.05 -15548.70 1172.40 -19861.79 
1299.55 -15566.55 1171.90 -19872.52 
1299.05 -15584.35 1171.40 -19883.10 
1298.55 -15602.11 1170.90 -19893.56 
1298.05 -15619.81 1170.40 -19903.90 
1297.55 -15637.47 1169.90 -19914.16 
1297.05 -15655.09 1169.40 -19924.35 
1296.55 -15672.65 1168.90 -19934.47 
1296.05 -15690.18 1168.40 -19944.53 
1295.55 -15707.66 1167.90 -19954.54 
1295.05 -15725.09 1167.40 -19964.51 
1294.55 -15742.48 1166.90 -19974.44 
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